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Conversion of energy of beta-particles into electric energy in a p-n junction based on direct- 
bandgap semiconductors, such as GaAs, considering realistic semiconductor system parameters is 
analyzed. An expression for the collection coefficient, Q, of the electron-hole pairs generated by 
beta-electrons is derived taking into account the existence of the dead layer. We show that the 
collection coefficient of beta-electrons emitted by a ®H-source to a GaAs p-n junction is close to 1 in 
a broad range of electron lifetimes in the junction, ranging from 10“® to 10“^ s. For the combination 
^^^Pm/GaAs, Q is relatively large (> 0.4) only for quite long lifetimes (about 10”^ s) and large 
thicknesses (about 100 fim) of GaAs p-n junctions. For realistic lifetimes of minority carriers and 
their diffusion coefficients, the open-circuit voltage realized due to the irradiation of a GaAs p-n 
junction by beta-particles is obtained. The attainable beta-conversion efficiency rj in the case of a 
®H/GaAs combination is found to exceed that of the ^^^Pm/GaAs combination. 


I. INTRODUCTION 

Betavoltaic effect refers to the electric power produc¬ 
tion by a p-n junction bombarded by beta-particles that 
ionize the semiconductor material. Among the advan¬ 
tages of beta-batteries are their long service duration, 
amounting to years or even decades, and the possibility 
to use in the hard-to-reach areas. Betavoltaics and pho- 
tovoltaics are related disciplines. In both cases, electric 
power results from the separation of electron-hole pairs 
produced by beta-electrons or photons by a p-n junction 
in the presence of a load in the circuit. In comparison to 
photovoltaics, publications in the field of the basic prin¬ 
ciples and applications of betavoltaic elements have been 
less numerous initially (see, e.g.. Refs. M) , but started 
to attract the attention of the researchers in the recent 
years [l-[ll|. 

The main task in betavoltaic design is the choice of 
a beta-source/semiconductor combination, which should 
meet certain requirements. In particular, the beta- 
particles produced by the source must be absorbed effi¬ 
ciently by the semiconductor. Within the semiconductor, 
the diffusion length of the electron-hole pairs generated 
by the beta-flux should be large enough to allow them 
to reach the p-n junction with as little losses as possible. 
Because only the relatively low-energy beta-electrons are 
utilized effectively (with energies varying between 5 and 
70 keV) for the realistic semiconductor thicknesses, three 
main beta-sources are presently employed in betavoltaic 
applications: Tritium ^H, Nickel ®^Ni, and Promethium 
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^^^Pm. The respective mean energies of the electrons 
produced by these sources are 5.7, 18, and 62 keV. 

The efficiency, rj, of a betavoltaic converter is propor¬ 
tional to the collection coefficient, Q, of the electron- 
hole pairs generated by the beta-flux. In Refs. 

Q was calculated under the assumption that the gen¬ 
eration function of electron-hole pairs by a beta-flux 
g{x) oc exp(— ax). In reality, the generation function is 
close to zero within the so-called “dead layer” under the 
front surface, and exhibits a maximum at some distance 
Xm from the surface . This implies that this exponen¬ 
tial approximation is correct starting from some x-value 
greater than Xm ■ The emergence of the maximum in the 
g{x) curve is due to the fact that, initially, the primary 
electrons pass through the semiconductor with only weak 
scattering. The dead layer thickness Xm increases with 
the energy of the incident beta-electrons. For GaAs, Xm 
is in the range 0.1-1 um fl^. 

Although the works [3, Q do report analytical expres¬ 
sions for Q (obtained under the assumption of the ab¬ 
sence of the dead layer), the values of Q = 1 and 0.7 
were used in the calculations of beta-conversion efficiency 
d, Q . While the value Q = 1 corresponds to the limit¬ 
ing conversion efficiency that is maximal in principle, the 
choice Q = 0.7 was not explained in [1,0. 

In this work, we derive an expression for Q taking the 
dead layer into account, and also using the realistic values 
of the nonradiative Shockley-Reed-Hall (SRH) recombi¬ 
nation lifetime, tsr, for direct-bandgap semiconductors. 
In such materials, the values of trr are usually short, 
and are in the range of 10“® — 10“^ s. We use the so ob¬ 
tained collection coefficient to derive the expression for 
the realistically attainable beta-conversion efficiency rj of 
various combinations of beta-sources and direct-bandgap 
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FIG. 1. Schematic illustration of a p-n junction of thickness 
d = dp+db, where dp is emitter depth and dj, is base thickness. 
The dead layer of thickness Xm extends into the base region. 


semiconductors. When calculating the efficiency, we fo¬ 
cus on GaAs as a typical example. We show that decreas¬ 
ing TsR and increasing the dead layer thickness leads to a 
strong reduction of Q below 1, and to the corresponding 
reduction of the beta-conversion efficiency. 


II. ANALYSIS OF THE COLLECTION 
COEFFICIENT 


We assume that the electron-hole pairs are generated 
only weakly within the dead layer, x < x^, while for 
X > Xm, the generation function has the form g{x) = 
lo exp(—a(a; — Xm)), where Iq is the electron-hole pair 
generation rate in the Xm-plane, and a~^ is the char¬ 
acteristic decay length. Furthermore, we assume that 
dp < Xm and Sd <C D/L^ dp being the junction depth, 
Sd the recombination rate on the back surface of the base, 
and L and D the diffusion length and coefficient of the 
excess electron-hole pairs generated in the base region. 
The sketch of our structure is summarized in Fig. [TJ 
Apart from the SRH mechanism with the lifiteme tsr, 
the electron-hole pairs in GaAs also recombine radia- 
tively; the characteristic time of this process is = 
where A is the radiative recombination coef¬ 
ficient, and Nd is the base doping concentration. There¬ 
fore, the diffusion length can be written as 

L = {DnY/^ , (1) 

with Tb = {Tg^ + T~^'^ ^ being the effective lifiteme in 
the neutral base region. 

Gontinuity equation for the excess concentration of the 
electron-hole pairs, Api, within the dead layer (i.e., for 
X < Xm, region 1), where generation is negligible, has the 
form 


d'^Api Api _ 

dx'^ L2 “ 


( 2 ) 


In the rest of the semiconductor (x > Xm, region 2), 
the continuity equation for the excess electron-hole pair 
density, Ap 2 , is 


d?Ap2 Ap2 aloe 
~d^ iX ^ D 


The equations 0 and © are supplemented by the 
boundary conditions 


Api{x = dp) = 0 , {x = d) = 0 

Api{x = Xm) = Ap2{x = Xm) , 

dApi dAp2 , . 

— [x = Xm) = - (X = Xm) ■ 


dx 


dx 


(4) 


The first condition reflects the fact that the electron-hole 
pairs are separated at the junction depth. The second 
one indicates the absence of surface recombination at the 
back of the base. The remaining two expressions are the 
usual continuity conditions for Ap(x) and dAp(x) /dx at 
x = Xm- The collection coefficient is then defined as 
the ratio of the current at the junction depth, dp, to the 
pair generation rate in the plane of highest generation at 

X = Xm- 


Q 


D dAp 


/n dx 


-{x = dp) . 


(5) 


The solution of 0 and that satisfies the first two 
conditions o can be written as 


Api (x) = C sinh ^ 

Lj 

A / \ ✓">/ 1 ^ ^ 

^ cosh—-— 

Lj 

+B 


B = 


a Iq X 

DjXXXlXj 


/3 




( 6 ) 


with constants C, C to be determined from the remain¬ 
ing two conditions (|1]). This procedure yields: 


Q = aL X 

aL (cosh _ sinh 

[(aL)2 — I] cosh 

If d — Xm ^ L and a{d — Xm) ^ 1, this expression 
simplifies to 


Q = — - bd,Ap-Xra)IL ^ /gN 

1 -I- aL 

Fig.[5]shows the dependence of the collection coefficient 
Q on the diffusion length from Eq. 0. As seen in this 
figure, the strongest reduction of Q due to the presence 
of the dead layer is for the case of the beta-source. 
The smallest discrepancy in the Q-values obtained with 
and without taking into account the dead layer is found 
for the curves corresponding to a = 6 • 10^ cm“^, realized 
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FIG. 2. (a) Collection coefficient, Q, as a function of the 

diffusion length, L, for different absorption coefficients, a, in 
the limit a{d — Xm) ^ 1, d — Xm 3> L, see Eq. ((8|. The 
values used, a = 10®, 6 • 10®, and 6 • 10^ cm“®, approximately 
correspond to the respective mean beta-energies of 5.7, 20, 
and 60keV for GaAs-based p-n junction 0. The dashed 
curves are calculated for different dead layer thicknesses, Xm, 
and dp — 10~® cm. The solid curves are from the standard 
relation Q = aLjiX -|- qT), valid in the absence of the dead 
layer, (b) Collection coefficient ([S]) for different junction depth 
values for Xm = 10“® cm and ot — 10®cm“®, corresponding 
to the beta-particle energy of about 5.7eV in the ®H/GaAs 
combination. 


in the case of the ^^^Pm-source. In this case, to obtain 
Q > 1/2, one would need the diffusion length L > 35 /rm. 
The values Q ~ 1 can be achieved onhffin Si p-n junctions 
with long minority carrier lifetimes [l4| . 

In Fig. [2jb), the junction depth was varied at a fixed 
electron energy (and thus constant a) and dead layer 
thickness. As seen in this figure, the collection coefficient 
increases not only upon increasing L, but also upon ap¬ 
proaching the junction depth to the Xm-value. This effect 
is especially important for small diffusion length L. 

A further conclusion from Fig. [5] is that collection of 
the electron-hole pairs generated by the electron flux will 
be quite efficient in the case when the diffusion length 
exceeds the dead layer thickness, L > Xm- An alternative 
way to increase Q is to use deeper junctions with dp ~ 
■ 
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FIG. 3. Collection coefficient Q of a ®H/GaAs betavoltaic 
pair as a function of the junction depth for (a) p-type base 
and (b) n-type base. 


Let us find the relation between the diffusion length 
and SHR lifetime tsr for the case of GaAs. The radia¬ 
tive recombination coefficient A in GaAs is an effective 
parameter defined by the relation A = Aq{\ — ^r) [l5l| . 
where Aq Ri 6 • 10 “®° cm°/s [ll|, and 7 ^ is the pho¬ 
ton re-absorption coefficient. In our calculations, we as¬ 
sumed the value A = 2 ■ 10“®°cm°/s, as can be derived 
for poorly reflecting GaAs-based plane-parallel p-n struc¬ 
tures without multiple reflection using the approach from 
M- In the work [la] , it was shown that for realistic life¬ 
times TSR, the open-circuit voltage Voc of GaAs-based 
p-n junctions increases with the base doping level, N^, 
and, taking into account the interband Auger recombi¬ 
nation, it has a maximum at N^, ~ 10 ®®’cm“°. 

Let us first assume that the GaAs p-n junction base 
is of p-type, and the diffusion coefficient of electron-hole 
pairs is 50 cm^/s. Then, for A r; 2 • 10“®°cm°/s, = 

10 ®'’ cm“°, and lifetimes trr = 10 “°, 10 “®, and 10 “®’ s, 
diffusion length L has the respective values of 2.2, 6.45, 
and 12.9 /rm. 

Fig-EKa) shows the dependence of the collection coeffi¬ 
cient, Q, of a pair °H/GaAs as a function of the junction 
depth, dp, for these three values of trr at Xm = 0.15 /im 
[ 1 ^ and junction thickness d = 10 ^m. As seen in this 
figure, Q is close to 1 for Aa; = Sm — dp < 0.1 /im. For 
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Ax > 0.1 /iin, the Q-value decreases with Ax, but re¬ 
mains rather large. 

Presented in Fig. [3{b) is the collection coefficient vs. 
dp for the case when the base region of the p-n junction 
is of the n-type. In this case, for tsr = 10“®, 10“®, and 
10 “”^ s, and A « 2 • 10 “^°cm^/s and Nd = lO^'^cm”^, 
and taking into account that D = 7 cm^/s, the diffusion 
length L = 0.83, 2.41, and 4.83/rm, respectively. As seen 
in the figure, in this case Q is also quite large. For tsr = 
10“^ and 10“®s, Q is still close to 1, while for tsr = 
10“®s, Q exceeds 0.75 even for small Ax. 

It should be noted that, because of rather strong ab¬ 
sorption of the electrons emitted by the ^H-source by the 
auxiliary layers of a betavoltaic element (such as protec¬ 
tion coating or contact layers), additional reduction of 
the beta-generated current can take place, leading to the 
efficiency reduction. 

Let us now analyze the collection coefficient for the 
i47pm/GaAs pair. In this case, according to [l^, a ss 
600cm“^, i.e., excess electron-hole density decays much 
more slowly than in the ^H/GaAs case. For this the 
inequality aL ^ 1 is alway satisfied even for the shortest 
lifeteme of 10“® s. In contrast, for ^^^Pm source, aL = 
1.5 for L = 25 /rm, while aL = 0.06 for L = 1 fim, so that 
Q is always notably smaller than 1. 

But this is not the only reason for the reduction of Q in 
realistic ^^^Pm/GaAs structures. When manufacturing 
solar cells based on the direct-bandgap semiconductors, 
such as GaAs, full thicknesses of p-n junctions are chosen 
rather small (of the order of a few /rm). Such structures 
were used in Q. In contrast, for the ^'^^Pm/GaAs pair 
used in betavoltaics, the situation might be very differ¬ 
ent, especially for large values of L. In this case, the 
product ad will be small, so that for full absorption of 
beta-flux much thicker p-n junctions are required com¬ 
pared to those typically used in photovoltaics. 

Shown in Fig. |4] is the collection coefficient as a func¬ 
tion of dp for a ^^^Pm/GaAs pair calculated for different 
lifetimes tsr and junction thicknesses d of 10 and 100 /rm. 
In this case, according to [l^, Xm = 3 • 10“'^cm^/s. 
Panels (a) and (b) correspond to the cases of p- and n- 
base conduction types, respectively. As seen in the fig¬ 
ure, rather high values oi Q > 0.4 for the ^'^^Pm/GaAs 
pair can be achieved only for the junction thickness 
d ~ 100 ^m. Also, collection coefficient decreases dra¬ 
matically as TSR decreases. 

It should be noted that similar results for the attain¬ 
able Q are expected for other direct-bandgap A 3 B 5 semi¬ 
conductors, in particular, the ones based on the three- 
component compounds. 


III. OPEN-CIRCUIT VOLTAGE ANALYSIS 
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FIG. 4. Collection coefficient of a ^'^^Pm/GaAs betavoltaic 
element as a function of junction depth for different Shockley- 
Reed lifetimes and element thicknesses for the case of (a) p- 
type base and (b) n-type base. 


next task is to calculate the open-circuit voltage, Vbc, 
with realistic values of tsr. It is given by the standard 
expression 


Voc 


keT ^ NdAp* 
-in-T— 


(9) 


where Ap* = Ap{x = dp -\- w) is the excess minority 
carrier density in the base at the boundary between the 
space-charge region and quasilinear region of thickness w, 
Nd is the equilibrium density of the majority carriers in 
the quasineutral base region, and rii is the intrinsic charge 
carrier density. It is related to the effective densities of 
states in the conduction and valence bands, Nc and N^, 
as 


H = y/NcNy exp 


En 


2kBT J 




( 10 ) 


We assume that both dp and w are much smaller than 
the diffusion length L. This allows us to approximate 


When estimating the limiting efficiency value ip, 
we used the Shockley-Queisser approach , in which 
not only the current density, but also the open-circuit 
voltage, VoCi is assumed to be maximal. Therefore, our 


Ap{x = 0) ~ Ap* . (11) 

Such an approximation introduces a negligible error into 
Voc from Eq. ([5]) in view of its logarithmic dependence 
on Ap*. 
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We will assume that recombination dominates in the 
quasineutral base region and in the space-charge re gion . 
Then, Vqc can be obtained using the approach from [lfil | . 
Taking into account the generation-recombination pro¬ 
cesses, we first write the continuity equation for the ex¬ 
cess carrier density supplemented by the boundary con¬ 
ditions: 

- r{x) Ap{x) + g{x) = 0 , 

d^P, .N n 
——[x = d) = 0 , 
ax 

D^{x = 0) = SoAp* , ( 12 ) 

where the third term describes recombination processes 
in the space-charge region of the abrupt junction, and 
the last one corresponds to the beta-induced generation. 
The first boundary condition is consistent with our as¬ 
sumption Sd D/L from the beginning of the previous 
section, and the second one is responsible for recombina¬ 
tion effects in the x = dp + w plane. 

Integration of the continuity equation results in the 
balance equation for the generation-recombination cur¬ 
rents, according to which the current density for elec¬ 
tronic excitation is proportional to the integral of the 
generation term, 

Jl 3 = q [ dx + q {So + Rsc) Ap* , (13) 

Jo Tb 

where q is the elementary charge. The right-hand side in 
(fT51) is responsible for the recombination in the bulk and 
on the front side of the emitter and within the space- 
charge region. The space-charge region recombination 
rate is given by [l^ 

Rsc{Ap*) =[ dyNd {I-y + X 

y^'TSR Jypn 

Nde^ + + 

where b = GpjGn is the ratio of the capture cross-sections 
of holes and electrons by a recombination level, is the 
recombination level energy measured from the middle of 
the bandgap, ypn is the dimensionless potential at the 
p-n boundary, Ld is the Debye length. 

To evaluate the first integral in (|T^ , we have employed 
the following approximative procedure. First, we write 
the solution of the continuity equation (TT^ as a sum of 
homogeneous and inhomogeneous parts, 

p-x/L Jx-2d)/L 

=- l + e-^d/L - 

where the homogeneous term satisfies the first boundary 
condition in (fT^ and gives the value Ap(x = 0) = Ap*. 
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The inhomogeneous contribution Api{x), with Api{x = 
0 ) = 0 , is notably different from zero only within a rel¬ 
atively thin layer below the front surface of the emitter, 
where the generation-recombination processes take place. 
Therefore, the contribution to the integral of the second 
term can be neglected in comparison to the integral of 
the homogeneous term, allowing us to write 


dxAp{x) ~ Ap*L tanh{d/L) . (15) 

This approximation should produce a negligible error in 
Voc in view of its logarithmic dependence on Ap*. Sub¬ 
stitution of this result into Eq. Q taking into account 
that = Dxb yields 



Jp = qAp* 



-I- S'o + Rsc{Ap*) 


(16) 


The current density Jp is inversely proportional to the 
energy required to create one electron-hole pair, e, which 
is approximately related to the bandgap Eg as [Q 

e = 2.%Eg + Q.beV . (17) 

Denoting is the current density in the case of Si {Eg = 
1.12 eV) by Jo, the current density in the case of arbitrary 
bandgap can be approximated as 


J^ = JoQ.3.64eV/e . (18) 

We note that, usually, Jq is in the 1 - lO^pA/cm^ range 
Q. The value of Ap* found from Eq. (ITCl) should be 
substituted into Eq. to obtain the open-circuit voltage 
Voc- 

Eig. [S] shows the dependence of Vqc of a GaAs-based 
p-n junction on the base doping level, Nd, neglecting the 
surface recombination, that is, S'o ~ 0. As seen in Eig. [SJ 
Voc increases with Nd- On the one hand, the values 
of Voc for the Tpair ^H/GaAs is notably smaller than 
in the solar cells , because the beta-produced current 
densities are at least two order of magnitude smaller than 
the short-circuit current densities in photovoltaic cells. 
On the other hand, the open-circuit voltages in Eig. [5] 
exceed the values obtained experimentally in Q. The 
reason is that, in the current density Jo was of the 
order of 1 pA/cm^, whereas in our calculations, we have 
taken Jq = lOpA/cm^. If the values Jo = IpA/cm^, 
Nd = 5-10^® cm“®, and tsr = 10 “® s are used, we obtain 
Voc = 0.44 V, which practically coincides with the value 
given in [^. 


IV. REFINED CALCULATION OF THE 
LIMITING BETACONVERSION EFFICIENCY 

According to Olsen Q, the efficiency of a betavoltaic 
element, p, is 

1 = 1111013 , (19) 
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FIG. 5. Open-circuit voltage as a function of the base doping 
level for different Shockley-Reed lifetimes in the case of (a) 
p-type base and (b) n-type base for Eg = 1.43 eV, T = 300 K, 
and Jo = 10/rA/cm^. 


where 


rjp = Np/No ( 20 ) 

is the fraction of beta-flux that reaches the semiconduc¬ 
tor, 


■qc = {l-r)Q (21) 

is the coupling efficiency, given by the product of ab¬ 
sorption probability of a beta-particle (r is the electron 
reflection coefficient from the semiconductor surface) and 
collection efficiency Q of electron-hole pairs, and, finally, 
the semiconductor efficiency 

VS = qVocFF/e, (22) 


where q is the elementary charge, Vqc is the open-circuit 
voltage, FF is the fill factor, e is the energy necessary to 
generate one electron-hole pair from Eq. (II3. 

Let us obtain Vqc within the Shockley-Queisser ap¬ 
proximation, where tsr —>■ oo, S^andRsc 0, and the 
only recombination mechanism present is radiative re¬ 
combination, characterised by the coefficient A. In this 
case, Vqq can be found analytically from (fT^ and (ITSl) : 


V 'lim 

OC 


ksT Jp 


(23) 


The fill factor can be found using the expression from 

i 


FF = [voc — ln(uoc + 0.72)] / {vqc + 1) , (24) 

where vqc = Voc/kRT. 

To calculate the limiting beta-conversion efficiency, we 
take (5 = 1 ,?' = 0 , 77 ^ = 1 , corresponding to the bidire- 
cional source in the terminology of Q. In this case 


^ qV}j^FFum 
2.8 Eg+ 0.5 


(25) 


where Vq^ is given by (l23t . 

When calculating rjum, several issues may arise. First, 
the parameters Nc, Ny, and A are material-specific in 
every semiconductor. Second, when evaluating Vq™ and 
FFiim, Olsen had used, for each source, concrete current 
density Jq of the order of 10^/iA/cm^ for ^^^Pm and 
I /iA/cm^ for ^H. Finally, Vq™ depends on the p-n junc¬ 
tion thickness d. Therefore, all parameters in (1251) must 
be specified. Since such key parameters as A, Ny, and 
Ny are known only for concrete semiconductors and con¬ 
crete bandgap values Eg, in the best-case scenario, the 
dependence rjumiEg) can be found as a set of support 
points for the known semiconductors with different Eg. 
Fitting this with a smooth curve might not be accurate 
enough. 

In this work, we calculated i^um only for the case 
of GaAs using Eq. (1251) . For A = 2 • 10“^°cm^/s 
and d = 10/rm gives for Jq = 10 ^ 7 rA/cm^ the value 
Vhm ~ 17%, and for Jq = l/rA/cm^, rjum ~ 14%. Note 
that the values of rjnm obtained here notably exceed the 
ones obtained by Olsen in Q . In the rest of this work, 
we will use the values obtained for the ^^^Pm/GaAs and 
^H/GaAs combinations, respectively. 


V. CALCULATION OF THE ATTAINABLE 
BETACONVERSION EFFICIENCY 

Fig. [5] shows the attainable efficiency as a function of 
dp for the ^H/GaAs combination, obtained from 

V = T]UmQ yiim j (26) 

^OC 

where ~ 14%, Q is given by Eq. ([7]), Vqc is found 
from Eq. ([2]), and Vq™ from Eq. (1251) . 

When plotting Fig. [6l we varied the lifetime at a con¬ 
stant d = 10 /im. Panels (a) and (b) correspond to the 
base of the p- and n-type, respectively. As seen in Fig. |6l 
the attainable efficiency values are rather high and are in 
the range of (6.4 - 12.5)%. 

It should be noted that our results for ^H/GaAs pair 
agree well with those given in the review Q citing 
Refs, dsn, namely, ry = (4 - 7) %. In these works, a ^H- 
source was used with the AaRs-based semiconductors. 
But, as evident from the figures shown, the possibilities 
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FIG. 6. Beta-conversion efficiency of a ®H/GaAs pair as a 
function of junction depth for different Schokley-Reed life¬ 
times for the case of (a) p-type base and (b) n-type base. 


of increasing the efficiency of betaconversion 

are far from being exhausted. 

Shown in Fig. [3 is the attainable beta-efficiency ((26ll as 
a function of dp for ^"^’^Pm/GaAs pair with ijum = 17%. 
The TSR values used were and 10“^s, and 

GaAs thicknesses were 10 and 100 /rm. Fig. [Tj^a) and (b) 
correspond to the p- and n-types of the base conductivity. 
As seen in this figure, ij reduces rather strongly as tsr 
is decreased. For the highest tsr = 10“”^ s, ij decreases 
with decreasing d. The highest efficiency attainable, rj = 
7.25%, is achieved for tsr = 10“”^ s and d = 100 pm, 
and the lowest value of 0.51 % is realized for tsr = 10“® 
s and d = 10 pm. 

Thus, we conclude that a ^^^Pm/GaAs-based betacon- 
verter is not as efficient as a ^H/GaAs-based one. Per¬ 
haps, the very small efficiency of the ^^^Pm/GaAs bat¬ 
tery obtained in Q is due to the small thickness of GaAs 
and small lifiteme trr- The same applies also to the 
cases when, instead of GaAs, other direct-bandgap semi¬ 
conductors are used. 



J [pm] 

FIG. 7. Beta-conversion efficiency of a ^'^^Pm/GaAs element 
vs. junction depth for different Schokley-Reed lifetimes and 
element thcknesses for (a) p-type base and (b) n-type base. 


VI. CONCLUSIONS 

Our analysis, focusing on the attainable collection co¬ 
efficient Q and open-circuit voltage values Voc, has re¬ 
vealed the following features of current collection of the 
GaAs-based beta-elements. 

Efficient collection of the electron-hole pairs generated 
by a beta-flux can be achieved when the diffusion length 
exceeds the dead layer thickness, L > Xm- An alterna¬ 
tive way to increase collection coefficient is to use deep 
junctions, for which dp ~ Xm- 

Additional mechanisms responsible for the reduction 
of current generated by beta-electrons are possible, lead¬ 
ing to smaller betaconversion efficiency. They may be 
due, for instance, to the strong absorption of the beta- 
electrons by auxiliary layers of a betavoltaic element. 

Using the Shockley-Queisser approximation, we have 
derived the limiting betaconversion efficiency, (Eg). 
Our analysis has shown that, because the main parame¬ 
ters affecting the efficiency are very different for different 
semiconductors, the ijumiEg) curve can be build as a 
set of support points for semiconductors with different 
bandgaps, and not as a smooth curve. 

^^^Pm beta-source performs more poorly than ^Id- 
source, because the electron-hole pair generation depth 













in the case of ^^^Pm-source is large, whereas the diffu¬ 
sion length of GaAs is small. Therefore, the majority of 
electron-hole pairs generated in the base recombine be¬ 
fore reaching the p-n junction. 

In the case of ^H-source, the picture is different. The 
collection coefficient is rather high, because of the small 
generation depth of electron-hole pairs. Therefore, the 
realistic betaconversion efficiency for the ^H/GaAs pair 
will be rather high for relevant parameters (lifitemes and 
diffusion coefficients) of the semiconductor. 


Similar results are expected also in the case, when 
other direct-bandgap semiconductors are used instead of 
GaAs. 
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